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ABSTRACT 

Future manned missions to Mars are expected to greatly 
increase the space vehicle’s size, weight, and heat dissipation 
requirements. An effective means to reducing both size and 
weight is to replace single-phase thermal management systems 
with two-phase counterparts that capitalize upon both latent and 
sensible heat of the coolant rather than sensible heat alone. This 
shift is expected to yield orders of magnitude enhancements in 
flow boiling and condensation heat transfer coefficients. A major 
challenge to this shift is a lack of reliable tools for accurate 
prediction of two-phase pressure drop and heat transfer coefficient 
in reduced gravity. Developing such tools will require a 
sophisticated experimental facility to enable investigators to 
perform both flow boiling and condensation experiments in 
microgravity in pursuit of reliable databases. This study will 
discuss the development of the Flow Boiling and Condensation 
Experiment (FBCE) for the International Space Station (ISS), 
which was initiated in 2012 in collaboration between Purdue 
University and NASA Glenn Research Center. This facility was 
recently tested in parabolic flight to acquire condensation data for 
FC-72 in microgravity, aided by high-speed video analysis of 
interfacial structure of the condensation film. The condensation is 
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achieved by rejecting heat to a counter flow of water, and 
experiments were performed at different mass velocities of FC-72 
and water and different FC-72 inlet qualities. It is shown that the 
film flow varies from smooth-laminar to wavy-laminar and 
ultimately turbulent with increasing FC-72 mass velocity. The 
heat transfer coefficient is highest near the inlet of the 
condensation tube, where the film is thinnest, and decreases 
monotonically along the tube, except for high FC-72 mass 
velocities, where the heat transfer coefficient is enhanced 
downstream. This enhancement is attributed to both turbulence 
and increased interfacial waviness. One-g e correlations are shown 
to predict the average condensation heat transfer coefficient with 
varying degrees of success, and a recent correlation is identified 
for its superior predictive capability, evidenced by a mean absolute 
error of 21.7%. 

Keywords: microgravity; condensation; annular flow 

INTRODUCTION 

1 Thermal Management in Future Space Missions 

Following the Apollo manned missions to the Moon in the 
1960s and 1970s, interest shifted to manned missions to Mars, 
which are expected to greatly increase mission scope, size, 
complexity and duration compared to any previous space 
endeavor. Associated with these increases are unprecedented 
increases in both power requirements and heat dissipation 
demands. Because the success and cost of a space mission are 
highly influenced by size and weight, reducing both, including 
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those of all thermal management sub-systems, is paramount to the 
feasibility of future, more demanding missions [1,2]. 

By far, the most effective means to reducing the size and 
weight of thermal management sub-systems is to transition from 
single-phase to two-phase heat transport. By capitalizing upon the 
coolant’s latent and sensible heat rather than sensible heat alone, 
two-phase systems can yield orders of magnitude enhancement in 
evaporation (or boiling) and condensation heat transfer coefficients 
compared to single-phase counterparts. These improvements are 
evident from findings of several NASA workshops that resulted in 
specific recommendations concerning the need to incorporate flow 
boiling and condensation in a number of space sub-systems, such 
as Rankine cycle power conversion, thermal control systems, and 
advanced life support systems [3]. A recent report by the National 
Research Council (NRC), which was submitted to the U.S. 
Congress in 201 1, provided an agenda for critical research needs in 
both life and physical sciences for future space exploration [4]. In 
the NRC report, specific recommendations were made by 
individual panels that placed heavy emphasis on reduced-gravity 
two-phase flow and heat transfer, including the need for databases, 
correlations, theoretical models, and computational tools. 

2 Thermal Control Systems 

Thermal Control Systems (TCSs) play a vital role in life 
support in space vehicles and planetary bases. These systems are 
responsible for controlling the temperature and humidity of the 
environment. With increased duration and complexity, future 
space missions will demand TCS architectures with significantly 
reduced power input, mass and volume. The TCS must tackle 
three primary tasks, heat acquisition, heat transport and heat 
rejection. Heat acquisition components acquire energy from heat- 
producing sources by evaporation or flow boiling and transfer it to 
the TCS. Heat transport components move the energy from the 
heat acquisition sources to heat rejection components. By 
condensing the working fluid, the heat rejection components reject 
the heat from the TCS to the external environment. 


The merits of boiling are realized in a variety of configurations, 
including pool boiling [5], channel flow boiling [6], jets [7-9], and 
sprays [10,11], especially when implemented with surface 



Fig. 1 Examples of Demanding Predictive Models of the Effects 
of Gravity on Two-Phase Flow of Heat Transfer 


enhancement [12,13]. However, the configuration most crucial to 
the understanding of reduced-gravity boiling is flow boiling in 
tubes, which is also the most likely configuration for adoption in a 
TCS. Similarly, the most crucial condensation configuration is 
flow condensation in tubes.. 

3 Fundamental Research Needs Related to Flow Boiling and 
Condensation in Reduced Gravity 

Because of the large density differences between liquid and 
vapor, buoyancy can play a vital role in defining the motion of 
vapor relative to liquid. Consequently, these density differences 
can have a profound influence on heat transfer by flow boiling and 
condensation. Because most predictive tools for two-phase heat 
transfer are derived from experiments that have been conducted at 
one g e , it is impossible to ascertain the validity of the same tools 
for reduced gravity conditions, especially microgravity, without 
performing tests in the appropriate gravitational environment. As 
shown in Fig. 1, space missions span a fairly broad range of 
gravities, including microgravity for satellites and Earth-orbiting 
vehicles and stations, and Martian gravity for the Martian habitat. 
Therefore, existing flow boiling and condensation pressure drop 
and heat transfer correlations and models must be updated, or new 
ones developed, to tackle the complexities of operation in reduced 
gravity. 

4 Condensation Heat Transfer Regimes and Predictive Tools 

Condensers are commonly found in power generation, 
chemical, food and pharmaceutical industries, as well as in 
domestic refrigeration and air conditioning systems. Falling film 
condensers rely entirely on gravity to achieve condensate film 
motion on the surfaces of either vertical tubes or plates, or 
horizontal tube banks, but in most other types of condensers the 
film is shear-driven by the vapor flow. The heat transfer 
performance of a condenser is largely dependent on the formation 
and transport behavior of the condensate film. For condensation 
inside tubes, the flow transitions from a pure vapor flow regime to 
an annular flow regime once the condensate film begins to form 
along the inner walls, driven mostly by vapor shear and influenced, 
to a lesser extent, by gravity. Heat transfer in the upstream portion 
of the annular region is dominated by pure conduction, but as the 
film continues to thicken along the tube length, the film flow may 
turn turbulent and the heat transfer become dominated by turbulent 
eddies. If the tube is long enough, the film thickening, aided by 
interfacial waves, may cause bridging of liquid films across the 
vapor core and a transition to the slug flow regime. The oblong 
slug flow bubbles gradually decrease in length and are replaced by 
smaller spherical bubbles, which mark the initiation of the bubbly 
flow regime. Eventually, the vapor is fully condensed and a pure 
liquid flow regime is established. 

The annular flow regime is especially important to the 
performance of most condensers because this regime both 
contributes the highest heat transfer coefficients and generally 
occupies the largest fraction of the tube length. Past studies on 
annular condensation in tubes have resulted in three different 
approaches to predicting the condensation heat transfer coefficient: 
(a) semi-empirical correlations [14-18], with an application range 
that is limited to the databases upon which these correlations are 
based, (b) “universal” correlations that are derived from 
consolidated databases from many sources, that are applicable to a 
wide variety of working fluids and over broad ranges of hydraulic 
diameter, mass velocity, quality and pressure [19,20], and (c) 
theoretical control-volume-based models [21,22]. 
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5 OBJECTIVES OF STUDY 

The present study is a part of a long-term NASA-supported 
project that was initiated in 2012 as a prelude to the development 
of the Flow Boiling and Condensation Experiment (FBCE) for the 
International Space Station (ISS). The overall objectives of the 
long-term NASA project are to: (a) obtain flow boiling and 
condensation databases in microgravity, (b) develop an 
experimentally validated, mechanistic model for flow boiling 
critical heat flux (CHF) in microgravity and criteria to predict the 
minimum flow rate required to ensure gravity-independent CHF, 
and (c) develop an experimentally validated, mechanistic model 
for condensation in microgravity and criteria to predict the 
minimum flow rate required to ensure gravity-independent annular 
condensation. This study concerns the condensation portion of the 
project. Parabolic-flight microgravity experiments are performed 
using a facility that is similar in construction to the future ISS 
FBCE using FC-72 as condensing fluid. Presented in this paper 
are axial variations of the condensation heat transfer coefficient for 
different flow rates and inlet qualities of FC-72, and different flow 
rates of the cooling water. Also presented are results from flow 
visualization experiments that track the axial development of the 
condensate film. The heat transfer coefficient results are compared 
to predictions of prior correlations for condensation in tubes. 

EXPERIMENTAL METHOD 

1 Flow Condensation Modules for Heat Transfer 
Measurements and Flow Visualization 

A parabolic flight condensation facility is used to facilitate 
both detailed heat transfer measurements and flow visualization of 
the condensing film. Two separate condensation modules are 
employed: condensation module CM-HT, which is used 

exclusively for heat transfer measurements, and condensation 
module CM-FV for flow visualization. The reason for using two 
separate modules is as follows. To perform heat transfer 
measurements for condensation along a circular tube, CM-HT 
features FC-72 vapor condensation along a circular metallic tube 
by rejecting heat to a counter flow of water through an annulus 
between the tube and an outer channel. Because this configuration 
precludes optical access to the condensing film, the flows are 
reversed in CM-FV, where the FC-72 vapor condenses on the outer 
wall of the metallic tube within the annulus by rejecting heat to 
water flowing in the opposite direction along the inner tube. With 
this second configuration, the condensing FC-72 film is made 
visible through the transparent walls of the outer channel. Both 
condensation modules features machine polished 304 stainless 
steel tubes for condensation. FC-72 is a very wetting fluid, with a 
contact angle on metallic and nonmetallic surfaces of less than 10 
degrees. 

1.1 Condensation Module CM-HT for Heat Transfer 
Measurements 

Figure 2(a) shows a cross-sectional diagram of CM-HT. The 
FC-72 vapor flows through a central 304 stainless steel tube with a 
7.94-mm o.d. and 0.41 -mm wall thickness. The condensation is 
achieved by rejecting heat to a counter flow of water through an 
annulus having an outer diameter of 12.7 mm. Stainless steel is 
selected for inner tube material because of its low thermal 
conductivity compared to other metals, which helps minimize axial 
conduction effects, allowing predominantly radial heat transfer 
between the two fluids. The small wall thickness of the inner tube 
serves a similar purpose in addition to minimizing the temperature 
gradient across the wall and helping achieve fast thermal response 
during parabolic flight experiments. In selecting the wall thickness 
for the inner tube, these important thermal considerations are 
carefully weighed against mechanical strength requirements of the 
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test section under fluctuating gravity field. With a low 
conductivity of 0.20 W/m.K, the outer polycarbonate plastic 
(Lexan) channel helps minimize heat loss from CM-HT to the 
ambient. 

Figure 2(b) shows a longitudinal section of CM-HT. The FC- 
72 vapor is introduced from the left header, which contains an 
aluminum honeycomb flow straightener to ensure uniform flow 
into the inner tube. The water is supplied through the right header, 
which also contains a honeycomb flow straightener for the water 
flow. Notice that the inner stainless steel tube is fitted with low 
conductivity (0.20 W/m.K) fiberglass plastic (G-10) sleeves with a 
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Fig. 3 Construction of Condensation Module CM-FV for 
Flow Visulization: (a) Cross-Sectional Diagram, (b) 

Longitudinal Sectional Diagram, and (c) Parts and Assembly 

11.1 -mm o.d. on both ends of the central tube. The primary 
purposes of the sleeve along the FC-72 inlet are to (1) define the 
precise location for the inlet to the condensing portion of the inner 
tube, and (2) provide a non-condensing inlet length of 71.4 mm (10 
times the inner diameter) to ensure fully developed vapor flow at 
the inlet to the condensing length. The 46.7-mm long sleeve on the 
opposite side serves the purposes of (1) defining the precise 
location of the downstream edge of the condensing portion of the 
inner tube, and (2) minimizing upstream heat loss from the 


incoming water. The total condensing length of the inner tube 
between the G-10 sleeves is 791.72 mm compared to a total tube 
length of 909.83 mm. The sleeves have a mild 6.8-degree taper at 
both ends of the condensing length to minimize any wake effects. 

Figure 2(c) shows the parts and assembly of CM-HT. Aside 
from the inner stainless steel tube, two G-10 sleeves, and two flow 
straighteners, this module contains six separate polycarbonate 
plastic (Lexan) parts: outer channel’s top and bottom plates, two 
blocks comprising the FC-72 inlet header, and two blocks 
comprising the water inlet header. The outer channel’s top and 
bottom plates are sandwiched between two thick aluminum plates 
that help stiffen the entire assembly. The aluminum plates are 
aligned with the CM-HT parts with the aid of dowel pins. Because 
of the relatively large number of possible leak paths, several 
sealing techniques were adopted throughout CM-HT. The two 
plenum blocks are secured to the outer channel plates with screws 
that trap Buna-N o-rings, and secured with Gore-Tex joint sealant 
and/or silicone sealant. To strengthen the bolted assembly, the 
threads in the Lexan parts are reinforced with stainless steel heli- 
coil inserts. 

Figures 2(a) and 2(b) show detailed locations for the 
temperature and pressure measurements in CM-HT. There are 84 
stations for temperature measurements using type-T 
thermocouples. Limited access to thermocouple wires during 
assembly reduced the number of thermocouples actually installed. 
Of the 28 pairs of stations available at 15 axial locations, 22 pairs 
are actually populated with thermocouples to measure the axial 
temperature distribution for water. Figure 2(a) shows the pairs are 
positioned at 90- and 270-degree orientations at each instrumented 
axial location to check for any asymmetry in the water temperature 
during microgravity experiments. The inner tube wall temperature 
is measured at the same axial locations as the water measurements, 
with four thermocouples used at each instrumented axial location 
to check for circumferential symmetry of the wall temperature. Of 
a total of 54 stations available in CM-HT for wall temperature 
measurements, 39 are actually populated with thermocouples. 
Figure 2(b) shows the axial pitch of both the water and wall 
thermocouples is smaller near the FC-72 inlet and increases 
towards the opposite end. This is intended to capture the large 
variations of the condensation heat transfer coefficient near the 
FC-72 inlet where the annular condensing film begins to form. 
The FC-72 temperature is measured at the inlet and outlet of the 
condensation length as shown in Fig. 2(b). Fine thermocouple 
wire (36 gauge) is used to minimize disturbances to the water flow. 

The CM-HT pressures are measured using Honeywell STJE 
absolute pressure transducers at four axial locations for FC-72 and 
two locations for water. Liquid- filled pressure gauges are installed 
at the same locations to make certain all transducers are in proper 
working order. 

1.2 Condensation Module CM-FV for Flow Visualization 

Figures 3(a) - 3(c) show the detailed construction of CM-FV. 
Aside from switching fluids (FC-72 and water) between the inner 
stainless steel tube and annulus, CM-FV is fairly similar in 
construction to CM-HT. The outer channel is made from four 
Lexan parts, upper and lower channel plates and two end header 
blocks; these parts are connected together and sealed in the same 
manner as in CM-HT. CM-FV also features both an inlet 
honeycomb flow straightener and inlet G-10 sleeve. The assembly 
is sandwiched between two thick stainless steel reinforcement 
plates with the various layers lined up with the aid of dowel pins. 

Another key difference in the construction of the outer 
channel is the use of flat rather curved inner surfaces, which is 
intended to facilitate undistorted optical access to the FC-72 film 
condensing along the outer wall of the stainless steel tube. The 
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Table 1 Thermophysical Properties of Saturated F-72 at 62 C 
(P=1.21 bar) 
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inner tube has a 5.99-mm o.d., wall thickness of 0.254 mm, and 
total length of 896.11 mm. With the inlet G-10 sleeve, the 
condensation length is 777.24 mm. Temperatures and pressures 
are measured at the inlet and outlet of each fluid stream. 

2 Condensation loop 

Figure 4 shows a schematic diagram of the condensation 
facility. The facility employs two separate sub-loops, one for FC- 
72 and the other for water. FC-72 has a relatively moderate 
boiling point of 56 °C at 1 bar and both surface tension and latent 
heat far smaller than those of water. Table 1 shows a summary of 
thermophysical properties of FC-72 at T sat = 62 °C, which is close 
to the average FC-72 temperature used in the present study. The 
same two-phase loop is used to condition the FC-72 to the desired 
mass flow rate, temperature and pressure for both condensation 
modules. 

As shown in Fig. 4, the FC-72 is circulated with the aid of a 
magnetically driven Micropump GA gear pump. Exiting the 
pump, the FC-72 liquid passes through a flow control valve 
followed by a filter and a Flow Technology Omniflo turbine flow 
meter. The liquid is then heated along two separate Hotwatt 


EMI. 2-11 inline electrical pre-heaters, bringing the FC-72 to the 
desired quality as it enters the desired test module. Electrical 
power input to the pre-heaters is measured with Yokogawa WT200 
and WT210 power meters. Two thermocouples are attached 
directly to the heating surface of each pre-heater to track internal 
surface temperatures. These thermocouples are connected to an 
Omega CN606TC2 relay, which is programmed to automatically 
cut off power input to the pre-heaters should the surface 
temperatures exceed 150 °C. This temperature limit is intended to 
prevent any breakdown of FC-72, which may lead to formation of 
the toxic compound perfluoroisobutene (PFiB). 

The facility is configured such as either CM-HT or CM-FV 
can be tested at a given time. From the pre-heaters, the FC-72 is 
routed to the desired module with the aid of two three-way valves. 
Exiting the desired test module, the two-phase FC-72 mixture is 
routed into a Lytron liquid-to-air heat exchanger, which returns the 
mixture to liquid state. A Flexicraft Hydropad- 14 accumulator is 
employed to set a reference pressure point for the FC-72 sub-loop. 
The accumulator features metallic bellows inside which the FC-72 
liquid can expand or contract in response to changes in the total 
volume of FC-72 vapor generated in the loop as well as any 
thermal expansion or contraction of the FC-72 liquid. The 

accumulator pressure is set by charging nitrogen gas into the 
accumulator’s cavity surrounding the bellows prior to initiating the 
tests. 

Using either CM-HT or CM-FV, the FC-72 vapor is 
condensed by rejecting heat to a counter- flow of water that is 
conditioned by the water sub-loop. The water is supplied to the 
desired condensation module at near ambient temperature with the 
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aid of a Lytron modular cooling system comprised of a positive 
displacement pump and a high-performance fan-cooled heat 
exchanger. The Lytron system is modified for the present study by 
incorporating a stainless steel reservoir and a Flexicraft Hydropad- 
12 accumulator. The water flow rate is regulated with the aid of a 
control valve and measured by a Flow Technology Omniflo 
turbine flow meter. The water exiting the test module is returned 
to the Lytron system where it is cooled back to near-ambient 
temperature. 

Figure 4 shows the condensation facility also includes a 
detachable fluid reservoir that is used to deaerate the FC-72 before 
initiating the tests. The deaeration is achieved by boiling FC-72 
liquid in the reservoir using four immersion heaters for 30 min. A 
water-cooled condenser coil atop the reservoir captures most of the 
vapor by condensation, while allowing non-condensable gases to 
escape to the ambient. The water is circulated by a Lytron system 
consisting of a reservoir, pump and water-to-air fan-cooled heat 
exchanger. Following the deaeration procedure, the reservoir is 
sealed off and allowed to cool down to ambient temperature before 
the fluid is charged into the FC-72 sub-loop. The deaeration 
reservoir is then detached from the condensation facility before the 
aircraft takes off. The deaeration procedure is repeated every two 
days of testing to maintain high FC-72 purity. 

All pressures in the condensation facility are measured using 
Honeywell STJE absolute pressure transducers with an accuracy of 
±0.05%, and visually verified with Wika pressure gauges having 
an accuracy of ±1%. Temperatures are measured with type-T 
thermocouples having an uncertainty of ±0.4 °C. Both Flow 
Technology Omniflo turbine flow meters used to measure the flow 
rates of FC-72 and water have accuracies of ±0.25%. The 
Yokogawa WT200 and WT210 power meters used to measure the 
electrical power input to the first and second pre-heaters possess 
accuracies of ±0.2% and ±0.1%, respectively. The overall 
uncertainty in determining the condensation heat transfer 
coefficient is ±8.88%. 

3 Packaging and Structural Support of Test Facility 

To facilitate ease of transport to, and mounting inside the 
aircraft, the condensation facility consists of three separately 
packaged rigs: (a) main condensation rig, (b) water conditioning 
rig, and (c) deaeration rig, as depicted in Fig. 5. 

The condensation rig is the main part of the facility, 
containing the two condensation modules, entire FC-72 sub-loop, 
and most of the controls, cameras and data acquisition equipment. 
These components are mounted onto a rigid rectangular rack 
constructed of extruded aluminum members and framing system 
manufactured by 80/20 Inc. The rack is fastened to the aircraft 
floor using 12-3/8 bolts. To support the heavy weight of the 
condensation rig (576 kg) under aircraft emergency loads, 
structural analysis software is used for both the rack design and 
attachment to the aircraft floor. Structural integrity of the rack is 
further verified by actual 9 -g e pull-tests that are conducted on the 
components on the rack prior to the aircraft experiments. A key 
contributor to the weight of the condensation rig is the large FC-72 
accumulator, which is fitted in a custom heavy mounting fixture at 
the lowest level of the condensation rig to enhance structural 
stability and reduce lateral stresses during parabolic flight. The 
large size of the FC-72 accumulator is necessitated by the large 
fluid volume changes in the FC-72 sub-loop. 

All pressure and flow rate display panels are located on the 
front of the condensation rig. Also located on the front is a laptop 
for data acquisition (DAQ), potentiometers, FC-72 control valve, 
and pump controller. This arrangement facilitates convenient 
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Fig. 5 Photo of Three Rigs of Test Facility 


viewing of instrument panels and system control by the lead 
operator of the facility during the aircraft microgravity experiments 
from a single stationary location to avoid any motion sickness. A 
second monitor is mounted in the top left quadrant of the rack to 
show the DAQ laptop display so that the operator can view the 
operating conditions with minimal movement. During the first 
flight week, the condensation rig contained a total of three laptops, 
which included two located on the sides to download images from 
two separate high-speed video cameras simultaneously during the 
jug period of the parabola when using CM-FV. During the second 
flight week, the condensation module contained three high-speed 
cameras. One high-speed camera was located at the CM-FV inlet, 
another at the middle, and the third at the outlet. Each high-speed 
camera required its own laptop plus the DAQ laptop for triggering 
the cameras, so a total of four laptops were used during the second 
flight week when CM-FV was operated. 

During the second flight week, three different cameras all 
located in the condensation rig, are used for flow visualization; two 
are high-speed and the third conventional speed. A single button is 
used to trigger both high speed cameras simultaneously during the 
microgravity experiments. This button is located next to the DAQ 
laptop to enable the lead operator to trigger the cameras while 
viewing the aircraft’s acceleration data. The standard 29.97 fps 
camera was replaced by a third high-speed camera that became 
available for use during the second flight week. 

The water conditioning rig contains the Lytron modular 
cooling system (mainly water pump and fan-cooled heat 
exchanger) in addition to a filter, stainless steel reservoir and water 
accumulator. The water conditioning rig is connected to the 
condensation rig using flexible hoses fitted with quick disconnect 
couplers to facilitate fast connection and disassembly before and 
after the aircraft experiments, respectively. 

The deaeration rig contains a reservoir fitted with immersion 
heaters and a condensing coil. As discussed earlier, this rig is 
detached from the facility after deaeration and not boarded during 
the aircraft experiments. 

4 Test Procedure 

The reduced gravity environment is achieved by flying a 
modified Boeing 727 jet (ZGC B-727) in a series of parabolic 
maneuvers in two separate campaigns, each consisting of four days 
of flight. Figures 6(a) and 6(b) show, respectively, the parabolic 
flight trajectory and local heat transfer coefficient at z = 310 mm 
from the inlet of condensation length with gravity change. Each 
parabola is initiated with a 60-s, 1.8-g (hyper-g) “pull-up,” 
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Fig. 6 (a) Parabolic Flight Trajectory, (b) Gravity Profile and 
(c) Local Heat Transfer Coefficient at z = 310 mm with 
Gravity Profile. 


followed by approximately 17 s of jUg, and terminated with a 1.8-g 
(hyper-g) “pullout” before initiating a pull-up for the next 
parabola. The pullout plus pull-up duration between consecutive 
lig periods is about 40 s. A typical day of testing consists of a two- 
hour flight comprised of 40 parabolic maneuvers, with each 
parabola lasting about 17 s, and every 10 parabolas separated by a 
5 -min aircraft turnaround break. 

Due to large size and operational complexity of the 
condensation facility, and need to minimize operator movement 
that may induce motion sickness (especially during hyper-g 
periods, when operating conditions are set for the subsequent \ ug 
period), a total of five flight operators are needed. Three operators 
sit in front of the condensation rig to set operating conditions such 
as flow rates of FC-72 and water, and power input to the two FC- 
72 pre-heaters, while observing data using Labview software. 
Operating conditions for a given \ ug period are set during the 
preceding pull-up. All temperature, pressure, flow rate and power 
input data are recorded during the entire \ ug period using two data 


Table 2 Operating Conditions for Condensation Modules 
CM-HT and CM-FV 



m FC 

m walw 

TfCJn 

P FC.in 

jr*. 



fg/s] 

W*) 

f°C| 

fkPal 

pci 


Max. 

15,8 

24. R 

63,4. 

126 

12.7 

3096 

Min. 

2.4 

2.4 

60.0 

114 

4.6 

831 


acquisition systems, NI SCXI-1000 and NI USB 6259. The fourth 
operator sits to the left of the main condensation rig to download 
video records during hyper-g periods. To the right of the 
condensation rig, the fifth operator manipulates the water 
conditioning rig and helps download high-speed video records. 

Since only one of the condensation modules could be tested at 
a given time, the entire flight day is dedicated to either amassing 
heat transfer data using CM-HT or performing flow visualization 
experiments using CM-FV. Table 2 shows a test matrix of 40 
operating conditions that are attempted with both modules. 
Because of concerns over possible overheating of the surface of the 
second pre-heater and PFiB production due to FC-72 breakdown, 
the quality of FC-72 at the inlet to the desired test module is set as 
close to but below unity, such that the inlet always contained some 
liquid. Once an operating condition is set, it is maintained for two 
consecutive parabolas, including the hyper-g period, to assess both 
repeatability and attainment of steady state conditions. The entire 
test matrix is re-tested on different flight days to check for 
repeatability. 

Because of the short duration of microgravity, about 17 s, 
during a parabola, there is considerable concern over the ability to 
reach steady state conditions. To achieve steady state with 
confidence, the thermocouples and pressure transducers are chosen 
to provide response times that are smaller than 0.01 and 0.05 s, 
respectively, which are much smaller than the period of a single 
parabola. Of a total of 67 tests performed with CM-HT, only 42 
selected cases used for analysis of the condensation heat transfer 
coefficient after monitoring temperatures and corresponding heat 
transfer coefficients with respect to gravity and time change. All 
42 cases yielded steady state temperature and heat transfer 
coefficient data during the last 1-2 s of the parabola. 

The operating conditions for the study are as follows: FC-72 
mass velocities of G = 129.0 - 340.5 kg/m 2 s, FC-72 inlet pressures 
of P FC ,in = H3.7 - 126.3 kPa (16.5 - 18.3 psia), FC-72 saturation 
temperatures of T sat = 60.0 - 63.4°C, FC-72 inlet thermodynamic 
equilibrium qualities ofx eiri up to 0.98, water mass velocities of G w 
= 86.7 - 321.4 kg/m 2 s, water inlet pressures of P w>in = 120.0 - 
127.0 kPa (17.4 - 18.4 psia), and water inlet temperatures of T w>in = 
24.4 - 27.4°C. A maximum electrical power input to the two FC- 
72 pre-heaters of 1490.4 W yielded FC-72 film Reynolds numbers 
as high as Re^ = 3096.3. 

5 Photographic Techiniques 

Using CM-FV, three different cameras are used to record 
images of the FC-72 condensate film at three axial locations along 
the condensation length: inlet, middle and outlet. A high-speed 
Phantom camera is positioned to view inlet, where it captures a 1-s 
record during each parabola at 4000 frames per second (fps) with a 
resolution of 512 x 256 pixels. Positioned in the middle is a high- 
speed Photron FASTCAM-Ultima APX camera, which captures a 
0.75-s record per parabola at 4000 fps with 1024 x 128-pixel 
resolution. During the first flight week, a third Pulnix CCD 
camera captures continuous images of the outlet region during the 
entire flight period at 29.97 fps with 640 x 480-pixel resolution, 
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G = 38.0 kg/m 2 s G = 63.8 kg/m 2 s 

X e ,in = 0.74 Xe iin = 0.59 

(G w = 248.7 kg/m 2 s) (G w = 248.5 kg/m 2 s) 



(a) 


G = 128.8 kg/m 2 s 

Xe,in " 0.41 

(G w = 272.8 kg/m 2 s) 




G w = 111.0 kg/m 2 s 

(G = 66.6 kg/m 2 s, Xe in = 0.53) 


G w = 248.5 kg/m 2 s 

(G = 63.8 kg/m 2 s, ^ jn = 0.59) 



G w = 472.3 kg/m 2 s 

(G = 65.5 kg/m 2 s, , Xe in = 0.54) 



(b) 

Fig. 7 Images of Condensation Film on Outer Surface of Central Stainless Steel Tube of CM-FV in Microgravity for (a) Three 
FC-72 Mass Velocities at Nearly Constant Water Flow Rate, and (b) Three Water Flow Rates at Nearly Constant FC-72 Flow 
Rate. The Images are 40-mm Long and Centered at z = 5.8 cm from the Inlet of the Condensation Length. 


which are recorded on a Sony GV-D1000 Walkman VCR. Four 
green LED light sources provide appropriate brightness for the two 
high-speed cameras. 

The flow visualization experiments were performed using 
CM-FV during 120 parabolas spanning a total of 3 flight days from 
two separate campaign weeks. 


RESULTS 

1 Flow Visualization Results 

Figure 7(a) shows images of the FC-72 condensation film 
along the outer surface of the stainless steel tube inside CM-FV for 
three different FC-72 mass velocities of G = 38.0, 63.8 and 128.8 
kg/m 2 s and water mass velocities in the range of G w = 248.5 - 
272.8 kg/m 2 s. These images, which were captures by the Phantom 
5 video camera at 4000 fps, are 40-mm long and centered 5.8 cm 
from the inlet to the condensation length. Notice how the film is 
laminar and mostly smooth for the lowest value of G = 38.0 
kg/m 2 s. At G = 63.8 kg/m 2 s, the film appears to turn wavy- 
laminar, with the interface displaying appreciable interfacial 



. Insulating Wall 
(Lexan) 


Thermocouple Location n 
Thermocouple Location n+1 


Insulating Wall 
(Lexan) 


Fig. 8 Thermal Model Used to Determine the Axial 
Variations of Water Temperature, T w , Outer Wall 
Temperature, T wa u j0 , and FC-72 Quality, x e . 


waviness. The flow is both wavy and turbulent at G = 128.8 
kg/m 2 s, and the interfacial waviness far more complex than at G = 
63.8 kg/m 2 s, exhibiting both small ripples and fast moving large 
waves. 

Figure 7(b) shows images of the condensation film for three 
different water mass velocities of G w = 111.0, 248.5 and 472.3 
kg/m 2 s and FC-72 mass velocities in the range of G = 63.8 - 66.6 
kg/m 2 s. For all three cases, the film appears wavy-laminar similar 
to that in the middle image of Fig. 7(a) corresponding to G = 63.8 
kg/m 2 s. More importantly, increasing G w for a fairly constant G 
does not appear to have a significant effect on the film flow 
behavior. Overall, Figs. 7(a) and 7(b) prove that the motion of the 
condensate film is far more sensitive to the mass velocity of FC-72 
than that of the cooling water. 

2 Determination of Local Condensation Heat Transfer 
Coefficient 

As shown in Fig. 2(b), the temperatures of water and outer 
wall of the stainless steel tube are measured at discrete axial 
thermocouple locations along the condensation length of CM-HT. 
As illustrated in Fig. 8, the water temperature, T w (z), and outer 
wall temperature, T wa u >0 (z), of the stainless steel tube at the 
midpoint between axial measurement stations n and n + 1 are 
determined from curve fits to the measured water and wall 
temperatures. The heat transfer rate, A q, from the FC-72 to the 
water over the axial span A z between the two thermocouple 
stations is equal to the corresponding increase in sensible heat of 
water, which is based on the temperature rise A T w measured 
between the two stations. Accounting for thermal resistance across 
the tube wall, the inner wall temperature, T wa u >h is determined from 
the relation 


T —T 

a _ • 1 wall,i 1 wall,o /u 

Aq = m w c A T w = ’ • (1) 

ln(P 0 /D,-) 

2jik ss Az 

Next, the FC-72 condensation heat transfer coefficient, h(z), at the 
midpoint between stations n and n + 1 is determined from the 
relation 
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Fig. 9 Variation of Experimentally-Determined Local 
Condensation Heat Transfer Coefficient with 
Thermodynamic Equilibrium Quality of FC-72 for 
Different FC-72 Mass Velocities and Water Mass Velocities 
of (a) G w = 161.8-174.4 kg/m 2 s and (b) G w = 281.3-287.5 
kg/m 2 s 

h(z\ = — -. 

V > {jtD^z)[T sat {z)-T waU4 {z)] (2) 

m w c p w A T w 

[jiD^z)[T sat (z) - T walli (z)] 

Because pressure drop along the condensation length is quite small 
(< 2.93 kPa), Tsat and FC-72 liquid and vapor properties are nearly 
constant, and are based in the above calculations on the average of 
the measured inlet and outlet pressures. 

Heat transfer calculations between consecutive axial 
thermocouple stations showed that axial conduction along the tube 
wall account for less than 0.1% of the heat conducted in the radial 
direction and used for data reduction per Eqs. (1) and (2). 

The quality of FC-72 at the inlet to the condensation tube, 
x e>in , is calculated from the measured temperature at the inlet to the 
upstream pre-heater and electrical power input to the two pre- 
heaters. Marching forward along the condensation length, the 
thermodynamic equilibrium quality, x e (z), at the midpoint between 
stations n and n+\ is obtained by accounting for all heat input 
between 0 and z according to 


n 



The flow rate of liquid FC-72, , in the annular film is finite 

at z = 0 and its local value is determined from the relation 

™jUm~i}- X e)™FC- ( 4 ) 

3 Heat Transfer Results 

Figure 9(a) shows the variations of local condensation heat 
transfer coefficient, h, with thermodynamic equilibrium quality for 
four FC-72 mass velocities of G = 144.6, 268.3, 270.1 and 329.3 
kg/m 2 s at water mass velocities in the range of G w = 161.8 - 174.4 
kg/m 2 s. The heat transfer coefficient is highest for high quality 
values near the inlet, where the film is thinnest. Gradual 
thickening of the film along the inner tube of CM-HT causes a 
gradual decrease in the heat transfer coefficient with decreasing 
quality. Near the inlet, the film is mostly laminar and the 
condensation heat transfer dominated by conduction across the 
film, which explains the axial decrease in the heat transfer 
coefficient. Figure 9(a) shows the heat transfer coefficient near the 
inlet increases with increasing G, a trend that can be explained by 
thinning of the film at high G because of the higher vapor shear, 
which reduces thermal resistance across the film. Because of the 
axial increase in film thickness, the condensation heat transfer 
coefficient is shown decreasing monotonically along the tube for 
the two lowest G values. However, there is a minimum in the axial 
variation of h for the two highest G values. Downstream from the 
minimum, h begins to increase axially until the end of the 
condensation length. Notice that this downstream increase is more 
pronounced for the highest mass velocity of G = 329.3 kg/m 2 s. 
Two plausible reasons for the minimum and downstream increase 
in h are interfacial waves and turbulent eddies. The interfacial 
waves, which amplify axially along the tube, increase the mean 
film velocity, thereby decreasing the film thickness. Waves also 
induce mixing within the film. Turbulent eddies intensify along 
the tube, which enhances the condensation heat transfer 
coefficient, potentially overcoming any conduction effects. 

Figure 9(b) shows the variations of h with thermodynamic 
equilibrium quality for three FC-72 mass velocities of G = 179.0, 
200.5 and 267.6 kg/m 2 s at water mass velocities in the range of G w 
= 281.3 - 287.5 kg/m 2 s. The direction of decreasing quality is 
representative of axial location along the condensation length. The 
G values in this plot are below the two highest G values in Fig. 
9(a) that produced a minimum as discussed above. Here, the axial 
variation of h is strictly monotonic, with the highest FC-72 mass 
velocity of G = 267.6 kg/m 2 s yielding the highest h values. 

Figures 10(a) - 10(d) show variations of the local 
condensation heat transfer coefficient with thermodynamic 
equilibrium quality for different water mass velocities but fairly 
similar FC-72 mass velocities. In each of these figures, 
corresponding to constant G, the condensation heat transfer 
coefficient for each water mass velocity, G w , decreases along the 
condensation length as discussed earlier. However, the variations 
for different G w values are more clustered together compared to the 
variations for different G values in Figs. 9(a) and 9(b). These 
trends demonstrate a far stronger dependence of h on G than on 
G w . 

This trend is further manifest in Fig. 11, which shows the 
variation of the average condensation heat transfer coefficient, h 
with water mass velocity, G w , for three different FC-72 mass 
velocities. This is the heat transfer coefficient averaged over the 
condensation length. Here, experimental data corresponding to 
fairly similar inlet qualities (pc e = 0.69 - 0.83) are used. Figure 11 
shows increases appreciably with increasing G, but it is only 
mildly influenced by G w . It should be noted that the poor 
sensitivity of h to G w is a result of the relatively high G w values 
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Fig. 10 Variation of experimentally-determined local condensation heat transfer coefficient with thermodynamic 
equilibrium quality of FC-72 for different water mass velocities and FC-72 mass velocities of (a) G = 144.6-149.0 
kg/m 2 s, (b) G = 177.8-179.9 kg/m 2 s, (c) G = 194.5- 200.5 kg/m 2 s, and (d) G = 262.8-282.1 kg/m 2 s. 


used in this study. Using high G w values is intended to achieve 
low waterside resistances in pursuit of better accuracy in 
determining the FC-72 heat transfer coefficient. It is not apparent 
from the present results if the poor sensitivity of h to G w is 
prevalent for low G w values as well. 



G w [kg/m 2 s] 

Fig. 11 Variation of Experimentally-Determined Average 
Condensation Heat Transfer Coefficient with Water Mass 
Velocity for Different FC-72 Mass Velocities. 


4 Assessment of Heat Transfer Correlations 

Figure 12 compares the present jug data to predictions of 
seven popular correlations [20,23-28] for the condensation heat 
transfer coefficient that are detailed in Table 3. Shown are 
comparisons for the heat transfer coefficient averaged over the 
entire condensation length, along with the corresponding mean 
absolute error, which is defined as 

MAE = ~y^ilhl P. (5) 

Figure 12 shows the MAE for the individual correlations 
varies from 21.8% for the recent Kim and Mudawar correlation 
[20] to 44.4% for the Dobson and Chato correlation [26]. 

Table 4 provides additional details concerning the predictive 
capabilities of the individual correlations in terms of percentage of 
predictions that are within ±30% of the data. This percentage 
ranges from 38.5% for the Koyama et al. correlation [28] to 69.2% 
for the Kim and Mudawar correlation [20], providing further proof 
of the superior predictive accuracy of the latter. 
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Table 3 Condensation Heat Transfer Correlations for Annular Flow. 
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Different correlations for C for different 
laminar and turbulent liquid and vapor flow 
states 


The relative success of the Kim and Mudawar correlation, 
which shows the least MAE, can be attributed to the large database 
upon which it is based. Validated for tube diameters between 
0.424 to 6.22 mm, this correlation is derived from the world’s most 
comprehensive condensation database consisting of 4,045 data 
points from 28 sources, which cover 17 working fluids and very 
broad ranges of geometrical and flow parameters. The database 
includes mass velocities from G = 53 to 1,403 kg/m 2 s, liquid-only 
Reynolds numbers from Refii m = 276 to 89,798, qualities from = 
0 to 1, and reduced pressures from P R = 0.04 to 0.91. The 
correlation method actually consists of two separate correlations, 
one for annular flows, which is used in Fig. 12, and the second for 
slug and bubbly flows. 

Despite the relative success of the Kim and Mudawar 


Table 4 Comparison of Experimental Data for Average 
Condensation Heat Transfer Coefficient with Predictions of 
Prior Condensation correlations. 
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correlation in predicting the present data, it is premature to draw 
definitive conclusions concerning the validity of l-g e correlations 
or models to fig condensation. Clearly, using a very high G is 
expected to preclude gravity effects in the important range of 0-1 
g e . Yet, from a practical point of view, this is by no means a 
desired solution for future space systems, given the strong impact 
of pumping power on system performance and efficiency. In fact, 
the ultimate goal is to identify the smallest G that would ensure 
gravity independence. This will demand extensive testing at both 
1 g e and fig , which is a long-term goal of the present authors. 

Future work must also be pursued to develop a theoretical 
model that can tackle the complex influences of interfacial waves 
and turbulent eddies. The important influence of waves has been 
demonstrated for adiabatic [29], sensibly heated [30-32] and 
evaporating [33] falling liquid films. A fundamental concern when 
modeling turbulence in films is the dampening of turbulent 
fluctuations near the vapor-liquid interface due to surface tension; 
failure to account for this influence can lead to substantial errors in 
predicting the condensation heat transfer coefficient [21]. 
Incorporating these important effects in a theoretical model will 
require sophisticated diagnostic techniques that can accurately 
measure condensate film thickness and characterize interfacial 
waves [29,31,32,34]. Further insight into modeling both fluid flow 
and heat transfer mechanisms is available from recent studies of 
condensation in 1 ge (e.g., [35,36]). 
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Fig. 12 Comparison of Experimentally-Determined 
Average Condensation Heat Transfer Coefficient with 
Predictions of Condensation Heat Transfer 
Correlation 

CONCULSION 

This study discussed the development of the Flow 
Boiling and Condensation Experiment (FBCE) for the 
International Space Station (ISS), and heat transfer results from 
parabolic flight experiments that simulated condensation of FC-72 
in microgravity. The study also included high-speed video 
analysis of the condensate film’s flow structure. The data were 
compared to predictions of seven popular correlations developed 
based on ground experiments for the condensation heat transfer 
coefficient. Key findings are as follows. 

(a) Using two separate condensation modules, the proposed 
configuration of FBCE, including the FC-72 and water sub-loops 
and deaeration procedure, is successful in providing both detailed 
heat transfer measurements and video analysis of the condensate 
film. The condensation facility is well suited for microgravity 
testing, including the ability to achieve steady state between tests 
at different operating conditions over a very short period of time. 

(b) The film flow is laminar and mostly smooth at low FC-72 
mass velocities and high inlet quality. With increasing mass 
velocity, the flow first turns wavy-laminar, with the interface 
displaying appreciable interfacial waviness, and ultimately both 
wavy and turbulent, marred by both small ripples and fast moving 
large waves. 

(c) For low FC-72 mass velocities with high inlet quality, the heat 
transfer coefficient is dominated by conduction across the film, and 
is highest near the inlet, where the film is thinnest, and decreases 
monotonically along the tube because of the increasing film 
thickness. But the heat transfer coefficient for high FC-72 mass 
velocities is enhanced downstream because of the combined 
benefits of turbulence and increased interfacial waviness. 

(d) Previous one-ge correlations predict the average condensation 
heat transfer coefficient data with varying degrees of success, and 
a recent correlation by Kim and Mudawar [20] is identified for its 
superior predictive accuracy, evidenced by the least mean absolute 
error of 21.8% among the correlations tested. The success of this 
correlation is attributed to its reliance on a massive database, 
which includes 17 different working fluids and very broad ranges 
of all relevant flow and geometrical parameters. 
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Nomenclature 

c p specific heat at constant pressure (J/kgK) 

D h hydraulic diameter (m) 

D t inner diameter of condensation tube (m) 

D 0 outer diameter of condensation tube (m) 

G mass velocity of FC-72 (kg/m2s) 

g gravitational acceleration (m/s2) 

g e Earth’s gravitational acceleration (m/s2) 

G w mass velocity of water (kg/m2s) 

h_ heat transfer coefficient (W/m2K) 

h average heat transfer coefficient (W/m2K) 

hf g latent heat of vaporization (J/kg) 

k thermal conductivity (W/m.K) 

m mass flow rate (kg/s) 

MAE mean absolute error 

P pressure (N/m2) 

P crit critical pressure (N/m2) 

P R reduced pressure 

Pr Prandtl number 

q heat transfer rate (W) 

Re Reynolds number 

T sat saturation temperature (K) 

W outer channel width of condensation module CM-FV (m) 

X Lockhart-Martinelli parameter 

x vapor quality 

x e thermodynamic equilibrium quality 

z stream-wise coordinate (m) 

Greek Symbols 

p dynamic viscosity (Ns/m2) 

p density (kg/m3) 

0 surface tension (N/m) 

(p two-phase multiplier 

Subscripts 

exp experimental 

/ saturated liquid 

FC FC-72 

film liquid film 

g saturated vapor 

1 inner surface of condensation tube 

in inlet of condensation length 

o outer surface of condensation tube 

out outlet of condensation length 

pred predicted 

ss stainless steel 

tt turbulent liquid-turbulent vapor 

w water 

wall wall 
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